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Abstract 
This study examines the impact of doping on the resistivity of sputtered cupric oxide (CuO), and investigates the effects of co-
sputtering CuO with tin dioxide (SnO2).  It was found that films sputtered from a 2 at. % sodium-doped target have resistivities of 
four orders of magnitude lower than equivalent undoped films.  Addition of oxygen was found to reduce the resistivity further.  
The best films were found to have resistivities of 4.3x10-2 ȍ.cm.   Co-sputtering with SnO2 was found to increase the band gap 
significantly, although it also caused an increase in the resistivity.  All mixed oxide films were both amorphous and p-type.  
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1. Introduction 
Metal oxide semiconductors find widespread use as transparent contact materials in solar cells [1].  However, the 
vast majority are n-type.  The development of p-type transparent conducting oxide materials would be useful for a 
range of photovoltaic (PV) technologies such as bi-facial and multijunction cells, and as possible back contacts for 
cadmium telluride and organic solar cells [2], [3].   
Various candidate p-type transparent conductors have been identified, but as yet few, if any, have been 
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demonstrated to show the necessary low resistivity for widespread use [2].  This is because of the typical metal 
oxide band structure and high electronegativity of oxygen.  This results in a narrow and flat valence band consisting 
primarily of oxygen 2p states [2], [4]–[6].  This means that metal oxides typically have a very high hole effective 
mass [2], [4].  Techniques for widening the valence band so as to increase hole mobility largely involve the use of 
metal cations which have valence electrons at the same or similar energy levels to the oxygen 2p states.  Of these, 
the most commonly used are copper and tin [2].   
Cupric oxide (CuO) is a native p-type material with a theoretical indirect band gap of 1 eV [7] and an 
experimental band gap of 1.2 eV [8].  Studies using density functional theory indicate that while successfully doping 
CuO to produce n-type behaviour is highly impractical, both sodium and lithium should act as effective p-type 
dopants [9].   
This study aims to examine the effects of sodium doping on the resistivity of CuO, and to increase its band gap 
by co-sputtering with tin dioxide (SnO2). 
2. Experimental details 
Films were deposited onto pre-cleaned soda-lime glass by sputtering from 3 inch (7.62 cm) diameter ceramic 
targets using an AJA Orion 8 HV sputter coater.  For all films, the deposition pressure was maintained at 1 mTorr 
(0.133 Pa) and the argon flow rate was 7 standard cubic centimetres per minute (SCCM).   
Sodium-doped CuO was sputtered from a single pre-formed target using an AJA 600 series RF power supply.  
Power was kept to 120 W, giving a power density of 0.66 W/cm2.  Sodium doping was 2 at. %.  Oxygen input for 
doped films was varied from 0 to 6 SCCM.  Undoped CuO films used for comparison were deposited from an 
intrinsic CuO target using the same procedure, with the exception that oxygen was not added. 
Intrinsic CuO and SnO2 were co-sputtered from pre-formed targets using an AJA 600 series RF power supply and 
an Advanced Energy MDX 500 DC power supply respectively.  Oxygen flow was kept to 2 SCCM, resulting in an 
oxygen partial pressure of 0.03 Pa.  Depositions were carried out at room temperature (18 ºC).  Power to each target 
was varied depending on the desired film composition.  CuO target power was varied from 180 W to 72 W, and 
SnO2 target power was varied from 50 W to 12.5 W.   
Film optical and electrical characterisation was carried out using an Ambios XP2 stylus profilometer to measure 
thickness, a Varian Cary 5000 spectrophotometer for transmission spectra and an Ecopia HMS 3000 Hall effect 
system for mobility, resistivity and carrier concentration measurements.  Sheet resistance was measured using a 
four-point probe.  Structural characterisation involved scanning electron microscopy (SEM) and X-ray diffraction 
(XRD), and compositional analysis was performed using a Thermo Scientific K-Alpha X-ray photoelectron 
spectroscopy (XPS) equipped with an Al-KĮ X-ray source. Samples were etched for 60 seconds prior to analysis 
using a plasma etching ion source (EX06 ion source)..  SEM analysis was carried out  using a Carl Zeiss (Leo) 1530 
VP field emission gun scanning electron microscope, using both InLens and secondary electron detectors.  Aperture 
size was 30 ȝm and operating Voltage was 5 kV.  XRD was carried out using a Bruker D2-phaser desktop X-ray 
diffractometer equipped with a Cu-KĮ X-ray source and LynxeyeTM detector.  The beam slit was 1 mm wide and the 
anti-scatter plate was positioned 3 mm above the sample.  The sample was rotated at 15 revolutions per minute.  
Experiments were run for a range of different times, from 15 minutes through to 12 hours depending on the sample.       
Band gaps were estimated from film transmission data using the Tauc method, and plotted against XPS 
compositional data.  Film carrier type was confirmed by exploiting the Seebeck effect using a multimeter with a 
heated probe.  
3. Results and discussion 
3.1. Sodium-doped cupric oxide 
Intrinsic CuO was found to have a resistivity of 1.5 x 103 ȍ.cm.  Sodium-doped films showed resistivities four 
orders of magnitude lower at 5 x 10-1 ȍ.cm, demonstrating that sodium is an effective dopant for CuO.  Addition of 
oxygen to the deposition environment was found to reduce the resistivity further, down to a minimum of 4.3 x 10-2 
ȍ.cm at an oxygen partial pressure of 6.2 x 10-2 Pa.  Further increases in oxygen partial pressure were found to 
cause a slight increase in resistivity (Fig. 1).  Unlike n-type metal oxides, increased oxygen partial pressure 
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decreases the resistivity in CuO through the formation of copper vacancies and oxygen interstitials.  Density 
functional theory modelling of CuO has shown both of these to be shallow acceptor states [9], meaning that they 
both contribute to an increased charge carrier concentration.  Unfortunately measurements of the carrier 
concentration and mobility were inconclusive.  This is most likely due to the films having a mobility below the 
measureable limit of the Hall device.  
Fig. 1.  Resistivity against oxygen partial pressure for sodium-doped CuO films 
 
SEM analysis showed that intrinsic CuO films are polycrystalline, with small but well-formed crystals.  Doped 
films, although still polycrystalline, were found to be less well-formed, with significantly smaller crystals and a 
large number of cracks and pinholes (Fig. 2).  Oxygen partial pressure during deposition had no apparent impact on 
film quality.  Therefore the reduced quality of the doped films is thought to be a result of distortion of the film 
crystal structure due to the incorporation of the sodium dopant.  XRD analysis confirmed that both intrinsic and 
doped films are crystalline, and show a typical CuO peak profile (Fig. 3). 
Fig. 2.  SEM photomicrographs of sodium-doped CuO deposited at oxygen partial pressures of (a) 0.029 Pa and (b) 0.048 Pa 
Fig. 3.  XRD patterns of intrinsic and doped CuO.  Both show the same two peaks at 2ș values of 35.5º and 38.5º respectively 
3.2.  Copper-tin mixed oxides 
Highly doped and partially conductive CuO has potential application as a back contact material and as an electron 
reflector, but the range of potential uses is limited by its narrow band gap.  By co-sputtering CuO with SnO2 at 
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different target power levels, it was found that the band gap could be altered between that of CuO (1.2 eV) and an 
upper limit of 2.75 eV.  This change is non-linear and describes a curve, with the rate of change decreasing with 
increased SnO2 content (Fig. 4).   
 
Fig. 4.  Band gap against copper content (as a % of the total film metal content) for mixed oxide films.  Pure SnO2 (0 % copper) and CuO (100 % 
copper) are included for comparison 
 
Resistivity was found to increase rapidly with decreasing copper content, up to around 45% copper (as a 
percentage of total metal content).  Further reductions in copper content had little significant effect on resistivity 
(Fig. 5) 
 
Fig. 5.  Copper content (% of total film metal content) against resistivity for mixed oxide films 
 
XRD analysis indicated that all mixed-oxide films were amorphous, with only the two pure oxides showing 
evidence of crystallinity (Fig. 6).  This is likely due to disruption of the material structure resulting from the 
difference in size of the two metal ion types.   
 
Fig. 6.  XRD patterns of mixed oxide films with copper contents (% of total film metal content).  All mixed oxide films show amorphous 
behaviour 
   
SEM photomicrographs show that the films are quite rough, and display a variety of surface structures and 
patterns (Fig. 7).  This could be a result of incomplete or inhomogeneous mixing of the two materials, although as 
all electrical and optical measurements were consistent across the films this seems unlikely.  Further structural and 
site-specific compositional analysis would be necessary to determine the precise cause.   
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Fig. 7.  SEM photomicrographs of mixed oxide films with copper contents (as a % of total metal content) of (a) 69 %, (b) 49 %, and (c) 24 % 
 
Non-linear band gap change as shown by this material is a known phenomenon in amorphous semiconductor 
alloy systems, and has been extensively described in other mixed materials such as (In, Ga)N and Ga(As, N) [10], 
[11].  The cause of this behaviour is not entirely understood, but it is thought to be a result of competition for charge 
accumulation between the two cation species [12].  The precise nature of the curve shown by the material system is 
determined by a factor known as the bowing parameter [10], [12].  The band gap of a semiconductor alloy AxC1-xO 
for a given value of x is found using Equation 1: 
 
)1()()1()()( xbxCEgxAxEgtotEg                  (1) 
 
Where Eg(A) and Eg(C) are the band gaps of the two end-member semiconductors, and b is the bowing 
parameter [10].  It was found that for the amorphous part of the CuO-SnO2 system, the bowing parameter was -1.5 
eV.  All mixed oxide films were found to demonstrate p-type semiconductor behaviour when tested using the 
Seebeck effect.   
4. Conclusions 
Doping CuO thin films with 2 at. % sodium was found to reduce the resistivity by four orders of magnitude.  
Addition of oxygen to the deposition environment was found to reduce the resistivity further, to a minimum of 
4.3x10-2 ȍ.cm at an oxygen partial pressure of 6.2 x 10-2 Pa.  Doped films were found to be crystalline, but show a 
greater degree of disruption and a lower overall structural quality than intrinsic films. 
Co-deposition of CuO with SnO2 was found to cause a non-linear increase in the band gap, from 1.2 eV up to 
2.75 eV.  The curve described by this system was found to have a bowing parameter of -1.5 eV.  All mixed oxide 
films were found to be amorphous and p-type.  Resistivity initially increased significantly with decreasing copper 
content, but reducing the copper content below 45 % had no further significant impact.   
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